Background. Outbreaks of filoviral hemorrhagic fever occur sporadically and unpredictably across wide regions in central Africa and overlap with the occurrence of other infectious diseases of public health importance.
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Methods. As a proof of concept we developed a bivalent recombinant vaccine based on vesicular stomatitis virus (VSV) expressing the Zaire ebolavirus (ZEBOV) and Andes virus (ANDV) glycoproteins (VSVDG/Dual) and evaluated its protective efficacy in the common lethal Syrian hamster model. Hamsters were vaccinated with VSVDG/Dual and were lethally challenged with ZEBOV or ANDV. Time to immunity and postexposure treatment were evaluated by immunizing hamsters at different times prior to and post ZEBOV challenge.
Results. A single immunization with VSVDG/Dual conferred complete and sterile protection against lethal ZEBOV and ANDV challenge. Complete protection was achieved with an immunization as close as 3 days prior to ZEBOV challenge, and 40% of the animals were even protected when treated with VSVDG/Dual one day postchallenge. In comparison to the monovalent VSV vaccine, the bivalent vaccine has slightly reduced postexposure efficacy most likely due to its restricted lymphoid organ replication.
Conclusions. Bivalent VSV vectors are a feasible approach to vaccination against multiple pathogens.
Members of the genera Ebolavirus (EBOV) and Marburgvirus (MARV), family Filoviridae, are responsible for hemorrhagic fever (HF) outbreaks in humans in central Africa with high case fatality rates ranging from 40 to 90% [1] [2] [3] [4] . The genus EBOV is divided into 5 distinct species, whereas the genus MARV contains only a single species [1] . Currently, there are no approved vaccines or effective therapeutics licensed for filovirus infections [4] . Over the past decades, multiple vaccine approaches have been developed and evaluated in animal models of EBOV and MARV including DNA vaccination, subunit vaccines, replication-incompetent and competent viral vectors, and viruslike particles [5] [6] [7] . One of the current promising vaccine approaches is based on live-attenuated recombinant vesicular stomatitis viruses (VSVs) expressing single foreign glycoproteins (GPs) as immunogens replacing the VSV glycoprotein (VSV G; monovalent vaccine vector [ Figure 1A] ). These VSV-based vaccines have proven potent protective efficacy in nonhuman primates (NHPs) against homologous (strains within species) challenge with highly pathogenic viruses, including EBOV, MARV, and Lassa viruses [8] [9] [10] [11] [12] [13] [14] . Cross-species protection, however, has not been achieved in NHPs with any of those monovalent VSV vaccine vectors unless vectors were used in a blended approach [5, 7, 9, [13] [14] .
Development of multivalent vaccine strategies is desirable to control emerging infectious diseases such as viral HF including those caused by filoviruses for several reasons: (1) Central Africa is endemic for several EBOV species and MARV; (2) filoviral HF endemicity zones overlap with the endemic areas of other infectious diseases with public health impact including malaria and arbovirus infections; and (3) all filovirus species except Reston ebolavirus are considered potential biothreat agents. Therefore, multivalent vaccines may achieve a broad protection against multiple filovirus species. In addition, they could confer simultaneous protection against more prominent infectious disease problems and thus make filovirus vaccines better acceptable. More recently, the first multivalent vaccine approaches for filoviruses have been developed [15] [16] [17] .
We are interested in using multivalent replication-competent VSV-based vectors expressing foreign glycoproteins replacing the VSV G ( Figure 1) . As a proof-of-concept study of a bivalent VSV-based vaccine we decided to generate a bivalent VSV-based vaccine expressing the ZEBOV GP and the Andes virus (ANDV) GPC. ANDV is a New World hantavirus and the major cause of hantavirus pulmonary syndrome (HPS) in South America with high case fatality [18, 19] . Both pathogens obviously do not have overlapping endemicity zones but share a common lethal small animal disease model, the Syrian hamster (Mesocricetus auratus), which would allow objective evaluation of protective efficacy. Hamsters inoculated with mouse-adapted Zaire ebolavirus (MA-ZEBOV) develop severe illness including uncontrolled cytokine expression/release and coagulation abnormalities, hallmarks of Ebola HF in humans and NHPs, and succumb to infection within 4-7 days [20] . Hamsters infected with ANDV develop an acute respiratory distress syndrome similar to human HPS starting on days 7-9 and succumb to infection within 24-36 hours after the appearance of clinical signs [21] .
Here we show that bivalent VSV vaccine vectors conferred complete and sterile protection following a single immunization against lethal challenge with both MA-ZEBOV and ANDV. Animals were even partially protected when treated one day after ZEBOV challenge. Overall, the bivalent VSV vaccine is as potent in prophylaxis as the monovalent vectors but may be less potent for application in postexposure treatment.
MATERIALS AND METHODS

Cells and Viruses
Vero and 293T cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum. MA-ZEBOV and ANDV, strain Chile 9717869, were kindly provided by Michael Bray and Connie Schmaljohn (US Army Medical Research Institute of Infectious Diseases), respectively, and were propagated in Vero cells [22] [23] [24] . Virus infectivity titers (focus-forming units [FFUs] ) for MA-ZEBOV and ANDV were obtained as described previously [25, 26] by counting the number of infected cell foci detected in an indirect immunofluorescent antibody assay using rabbit polyclonal anti-EBOV VP40 (kindly provided by Dr Y. Kawaoka, University of Wisconsin-Madison) or commercial anti-ANDV NP (AUSTRAL Biologicals) antibodies, respectively.
Generation of Recombinant VSV Expressing ANDV GPC and ZEBOV GP
The monovalent recombinant VSV expressing ZEBOV GP (VSVDG/ZEBOV) or ANDV GPC (VSVDG/ANDV) and the bivalent recombinant VSV expressing ZEBOV GP and ANDC GPC (VSVDG/Dual) were generated as described previously using the infectious clone of VSV (pVSVXN2 plasmid, kindly provided by J. Rose, Yale University, New Haven; Figure 1A ) [27] [28] [29] . In brief, the open reading frames (ORFs) encoding for the ZEBOV GP (strain Mayinga) and ANDV GPC (strain Chile 9717869) were amplified by polymerase chain reaction (PCR) from plasmids containing the appropriate complementary DNA. To generate the bivalent vector the ANDV GPC ORF was inserted into the monovalent pVSVXN2DG vector carrying the ZEBOV GP ORF using the MluI and BlnI sites (upstream of the ZEBOV GP ORF; Figure 1A ). All plasmids were sequence confirmed prior to use in transfection and rescue experiments. Following rescue recombinant VSVs were propagated in Vero cells, and infectivity titers were determined by plaque assay (plaque-forming units [PFUs] ). Incorporation of the ZEBOV GP and ANDV GPC into VSV particles was demonstrated by Western blot assay using anti-EBOV GP (kindly provided by Dr. A. Takada, Hokkaido University, Sapporo) or commercial anti-ANDV G N and G C antibodies (AUSTRAL Biologicals), respectively (data not shown).
In Vitro Growth Kinetics of Recombinant VSV Viruses
Vero cells were inoculated with VSV wild type (VSVwt), VSVDG/ZEBOV, VSVDG/ANDV, or VSVDG/Dual at a multiplicity of infection (MOI) of 0.0001. Virus was allowed to adsorb for 1 hour; then the supernatant was removed, and cells were washed twice with DMEM. At set time points, the supernatants were collected from 3 wells per virus. Ten-fold dilutions of supernatants were inoculated onto 90% confluent monolayers of Vero cells and incubated at 37°C. The 50% end-point dilutions were expressed as 50% tissue culture infectious dose (TCID 50 ). The values from the 3 wells per time point were averaged, and the standard error of the mean was calculated.
Vaccine Efficacy Studies
Syrian hamsters (male, 5-6 weeks) were purchased from Harlan Laboratories Inc. To evaluate the protective efficacy of VSVDG/ Dual, groups of hamsters were immunized with 10 5 PFU of either VSVDG/Dual (n 5 21), VSVDG/ZEBOV (n 5 15), or VSVDG/ANDV (n 5 9) via intraperitoneal (i.p.) injection. At 28 days postvaccination, the hamsters were challenged i.p. with 100 LD 50 of either MA-ZEBOV or ANDV. On day 4 (MA-ZEBOV challenge) and days 6 and 9 (ANDV challenge) postinfection, 3 hamsters from each group were euthanized, and tissues (lung, liver, and spleen) and blood were collected for further analysis. The remaining hamsters were monitored for disease progression for 43 days postchallenge. Blood samples were collected at the end to monitor antibody responses.
Time to Immunity Studies and Postexposure Treatment
To determine the minimum time required for inducing protective immunity, groups of hamsters (n 5 5) were immunized once with DMEM (control), VSVDG/Dual, or VSVDG/ZEBOV (10 5 PFU) on day 14, 7, or 3 prior to MA-ZEBOV challenge (100 LD 50 ). To evaluate postexposure protective vaccine efficacy, groups of hamsters (n 5 5) were challenged with MA-ZEBOV (100 LD 50 ) and treated once with DMEM, VSVDG/Dual, or VSVDG/ZEBOV at day 0 (time of challenge) or day 1 or 2 after challenge. Animals were monitored daily for disease progression for 28 days.
Vaccine Vector Replication and Tropism In Vivo
To examine the replication and tropisms of the recombinant VSV vaccines in vivo, hamsters immunized once with 10 5 PFU of either VSVDG/Dual or VSVDG/ZEBOV (n 5 3) were euthanized on day 1, 2, or 3 postvaccination, and tissues (lung, liver, spleen, and lymph nodes) and blood were collected for virology.
Challenge Virus Titration
MA-ZEBOV and ANDV RNA were detected by quantitative real-time polymerase chain reaction (RT-PCR). For this purpose, pieces of tissue (30 mg) were placed into individual tubes containing 1 mL of RNAlater buffer (Qiagen) overnight, mechanically homogenized in 600 lL of RLT lysis buffer (Qiagen), and clarified by low-speed centrifugation. In addition, 140 lL of cardiac blood was mixed with 560 lL lysis buffer AVL (Qiagen). RNA was extracted from these samples using the RNeasy (solid tissue) or QIAamp (blood) extraction kit (Qiagen). RT-PCR was conducted on RNA extracts using a Rotor-Gene RG-3000 instrument (Corbett Life Science). Samples were quantified
against a standard curve of MA-ZEBOV or ANDV RNA extracted from 10-fold serial dilutions of viral stocks with predetermined titers. Virus titers were shown as FFU equivalent of RNA copies in 200 ng of total tissue RNA.
Vaccine Virus Titration
To detect VSV replication, a piece of collected tissue was mechanically homogenized in 10-times volume of DMEM. Tenfold dilutions of homogenates were inoculated onto 80%-90% confluent monolayers of Vero cells and incubated at 37°C. The infectivity of VSV was determined as TCID 50 .
Antibody Detection
Immunoglobulin G (IgG) antibody responses to MA-ZEBOV and ANDV were quantified by enzyme-linked immunosorbent assay (ELISA) using either purified ZEBOV GP-deltaTM, EBOV-like particles (VP40), or ANDV NP, respectively [24, [30] [31] [32] . Briefly, 96 well microtiter plates (NUNC) were coated with the antigens in phosphate-buffered saline (PBS) at 4°C overnight and subsequently were blocked with 5% skim milk in PBS containing 0.05% Tween 20 (PBST) for 2 hours at 4°C. After 3 washes with PBST, 50 lL of diluted serum samples were added, and the plates were incubated for 1 hour at 37°C. Bound antibodies were detected after 3 washes using the anti-hamster secondary antibody conjugated with horseradish peroxidase (HRP). Following incubation for 1 hour at 37°C, bound HRP was detected using the ABTSÒ Peroxidase Substrate System (KPL). The absorbance at 405 nm was determined with a microplate spectrophotometer.
Statistical Analysis
Statistical analyses were performed using a 2-tailed Student t test. The Kaplan-Meier log-rank test was used to compare survival rates in the challenge study. 
RESULTS
Construction and In Vitro Characterization of Monovalent and Bivalent VSV Vectors
Two monovalent VSV vectors expressing the ZEBOV GP (VSVDG/ZEBOV) and ANDV GPC (VSVDG/ANDV) and a single bivalent VSV vector expressing both antigens (VSVDG/ Dual) were generated using the infectious clone system for VSV as described previously [29] ( Figure 1A) . Virus rescue was performed in a mixture of 293T and Vero cells and included a blind passage in Vero cells. Titers of rescued viruses ranged from 10 6 to 10 7 PFU/mL. The intracellular expression and particle incorporation of ZEBOV GP and ANDV GPC into VSV particles were demonstrated by Western blot using mouse monoclonal antibodies against the ZEBOV GP or ANDV G N and G C , respectively (data not shown). For in vitro characterization, Vero cells were infected with VSVDG/Dual, VSVDG/ZEBOV, VSVDG/ ANDV, and VSVwt (MOI 5 0.0001), and supernatants were analyzed for infectivity over a period of 96 hours. In comparison to VSVwt, which replicated faster and reached maximum titers of 5 3 10 9 TCID 50 /mL already at 36 hours, all recombinant VSVs were attenuated, and virus titers differed significantly from VSVwt at 36 (P , .1) and 48 hours (P , .01) postinfection ( Figure 1B) . The monovalent VSVDG/ZEBOV replicated slightly faster than the bivalent VSVDG/Dual, reaching maximum titers of close to 1 3 10 8 TCID 50 /mL at 60 or 72 hours postinfection, respectively. VSVDG/ANDV was most attenuated, reaching maximum titers at 96 hours. Interestingly, all 4 viruses reached similar titers at 84 hours postinfection. Overall, recombinant VSVs were attenuated in vitro, and the degree of attenuation did not correlate with the number of foreign gene insertions.
Bivalent VSV Vaccine Protects Hamsters Against Lethal Ebola or Andes Virus Challenge
For the initial experiment, we examined whether VSVDG/Dual can elicit protective immunity against both ZEBOV and ANDV infections. Hamsters were immunized with VSVDG/Dual (n 5 12), VSVDG/ZEBOV (n 5 6), or VSVDG/ANDV (n 5 6) followed by lethal challenge of half of the animals with MA-ZEBOV or ANDV 28 days after vaccination. Animals immunized with VSVDG/ANDV and challenged with MA-ZEBOV or immunized with VSVDG/ZEBOV and challenged with ANDV succumbed to infection within 6 or 9 days, respectively (Table 1) . Hamsters immunized with VSVDG/ANDV or VSVDG/ZEBOV and challenged with ANDV and MA-ZEBOV, respectively, were completely protected against disease. All animals vaccinated with VSVDG/Dual were completely protected against lethal challenge with either virus, MA-ZEBOV or ANDV. The anti-ZEBOV GP antibody responses in animals immunized with the different VSV vaccines were tested using an IgG ELISA. All hamsters immunized with VSVDG/Dual and VSVDG/ZEBOV had developed high titers (titers ranged from 25,600 to 51,200) of anti-ZEBOV GP antibodies 28 days after immunization (Table 1) . These titers did not increase or only marginally increased after challenge, indicating induction of strong humoral immune responses to vaccination and little or no challenge virus replication. To further investigate challenge virus replication we examined antibody responses to challenge virus-specific antigens not expressed by the VSV vaccines (ZEBOV VP40 and ANDV NP). With the exception of 2 hamsters in the VSVDG/ ANDV-immunized group with low IgG titers to ANDV NP (1:100), no antibody responses (,1:100) were detected in surviving animals, supporting lack of challenge virus replication (Table 1) . These results suggest that all 3 VSV vaccine vectors confer complete and largely sterile protection after a single immunization against lethal MA-ZEBOV and ANDV challenge.
Detection of Challenge Virus Replication Following Immunization
To confirm sterile immunity in vaccinated animals after challenge with ZEBOV and ANDV, groups of 3 hamsters were sacrificed at day 4 (MA-ZEBOV) and day 6 and 9 postinfection (ANDV). Blood, lung, liver, and spleen were collected from each animal, and samples were analyzed for the presence of viral RNA by RT-PCR. With the exception of one animal on day 9 post-ANDV challenge (spleen), all other animals immunized with VSVDG/Dual showed no detectable levels of MA-ZEBOV or ANDV viral RNA in any of the tissues and blood ( Figure 2 ). RNA levels detected in the spleen of the above-mentioned animal were extremely low (,10 1 FFU equivalent/200 ng RNA), making virus isolation unlikely from this specimen. In contrast, significant higher viral RNA levels (between 10 2 and 10 6 FFU equivalent/200 ng RNA) were detected in control animals from groups that did not survive challenge. These data confirm the NOTE. Serum samples were collected 1 day before challenge (pre) or 43 days after challenge (post). Immunoglobulin G end-point dilution titers are presented as average titers of all animals in each group (n 5 3 or 6). ANDV, Andes virus; MA-ZEBOV, mouse-adapted ZEBOV; ND, not determined due to prior animal loss; VSVDG, vesicular stomatitis virus (VSV) lacking VSV glycoprotein (G); VSVDG/ANDV, VSV expressing ANDV glycoprotein precursor (GPC); VSVDG/Dual, VSV expressing ZEBOV GP and ANDV GPC; VSVDG/ZEBOV, VSV expressing ZEBOV glycoprotein (GP); ZEBOV, Zaire ebolavirus. ) of VSVDG/Dual, VSVDG/ZEBOV, and VSVDG/ANDV and were challenged with MA-ZEBOV (100 LD 50 ) 28 days after immunization. Four days after challenge, 3 hamsters of each group were euthanized to determine viral load in blood and certain tissues using a real-time polymerase chain reaction (RT-PCR) assay. B, Hamsters were vaccinated i.p. with a single dose (10 5 PFU) of VSVDG/ Dual or VSVDG/ZEBOV and were challenged with ANDV (100 LD 50 ). Six and 9 days after challenge, 3 hamsters of each group were euthanized to determine viral load in blood and certain tissues using an RT-PCR assay. Presence of viral RNA is shown here as focus-forming unit (FFU) equivalents calculated from virus RNA copies in 200 ng of total RNA. Standard deviation was calculated from 3 animals. VSVDG, VSV lacking VSV glycoprotein (G); VSVDG/ZEBOV, VSV expressing ZEBOV glycoprotein (GP); VSVDG/ANDV, VSV expressing ANDV glycoprotein precursor (GPC); VSVDG/Dual, VSV expressing ZEBOV GP and ANDV GPC. Figure 3B , gray lines) on days 0 and 1 postchallenge survived, but the animals treated on day 2 postchallenge died between days 7 and 15 after challenge. All DMEM-treated animals succumbed to infection within 6 days postchallenge ( Figure 3B , white line). These data indicate a reduced potential for postexposure treatment for the bivalent vector compared with the monovalent one.
Vaccine Vector Replication Associated With Immunization
In order to determine factors for the difference in postexposure efficacy, replication and tissue tropisms of VSVDG/Dual and VSVDG/ZEBOV in hamsters were compared. Groups of 3 hamsters were euthanized each day between days 1 and 3 following vaccination with VSVDG/Dual (10 5 PFU) or VSVDG/ ZEBOV (10 5 PFU). Blood, lung, liver, spleen, and certain lymph node (mesenteric, inguinal, cervical, and axillary) samples were collected from each animal and analyzed for infectivity using a TCID 50 assay. The replication of VSVDG/Dual was restricted to lymphoid tissues, with very low levels of viremia in one animal ( Figure 4A ). In contrast, replication of VSVDG/ ZEBOV was already detected on day 1 postimmunization in blood and all tissues analyzed ( Figure 4B ). Compared with VSVDG/ZEBOV, which showed the highest titers already at day 1 postimmunization, VSVDG/Dual titers were low and gradually increased over time, indicating further attenuation of this vector expressing 2 foreign genes. Furthermore, we detected the ZEBOV GP and ANDV GPC genes in tissues collected at day 3 postvaccination, indicating that both genes are stable in vitro and expressed (data not shown).
DISCUSSION
In this study, a bivalent recombinant VSV vaccine expressing 2 different immunogens derived from ZEBOV (GP) and ANDV (GPC) resulted in complete and sterile protection of hamsters upon single immunization against lethal challenge with MA-ZEBOV or ANDV. Compared with the monovalent vaccine vector expressing ZEBOV GP, VSVDG/Dual conferred similar pre-exposure protection but showed slightly reduced postexposure efficacy. Thus, VSV vectors provide an effective approach for bivalent vaccine strategies. EBOV and ANDV belong to different families of viruses and show distinct biological characteristics in their viral life cycle and pathogenesis. ZEBOV infection is characterized by its rapid onset and high case fatality rates of up to 90% [2, 3] . The disease is caused by systemic viral replication, immunosuppression, abnormal systemic inflammatory response, vascular leakage, and coagulation abnormalities resulting in multiorgan failure [4, [33] [34] [35] . On the other hand, the clinically affected organ of ANDV-induced HPS is the lung, and ANDV infection presents initially with influenza-like symptoms followed by severe pulmonary edema resulting in an acute respiratory distress syndrome with a case fatality rate as high as 40% [19, 36] . In the hamster model, MA-ZEBOV replicates systemically affecting multiple organs leading to coagulation abnormality in the terminal stage [20] and death within 4-6 days. Following challenge with ANDV, infected hamsters appear normal for almost 7-8 days, at which time they quickly develop clinical signs of an acute respiratory distress, HPS, followed by death within 24-36 hours [21, 24] . The differences in virus biology, clinical disease, and host response associated with the 2 infections underscore the potency of the new recombinant bivalent VSV vaccine described here in inducing simultaneous protection after a single immunization. This offers promising opportunities for the development of cross-protective vaccines against cocirculating pathogens with similar or distinct biology and pathogenicity.
Even more notable is the still impressive but slightly reduced postexposure efficacy of VSVDG/Dual against lethal challenge with MA-ZEBOV. Growth comparison in vitro and in vivo clearly demonstrated further attenuation of this recombinant vaccine vector compared with the monovalent VSVDG/ZEBOV ( Figures 1B and 4) . Interestingly, VSVDG/Dual replicated mainly in lymphoid organs and virus titers were lower compared with VSVDG/ZEBOV. Conversely, VSVDG/ZEBOV replicated well in all tissues analyzed, and displayed high-level viremia on days 1 and 2 postvaccination (Figure 4 ). Mild temporary viremia was also detected in NHPs after monovalent VSV vaccination [9, 12] . In future the impact of multiple gene insertions into the VSV genome on virus replication needs to be determined. From our results it certainly seems that the replication competency of the vectors is a major factor for the protective efficacy, especially for postexposure treatment.
From this proof-of-concept study we can conclude that multivalent VSV vaccine vectors are promising prophylactic approaches to address the cocirculation of multiple filovirus species in a defined geographic zone. They also might provide simultaneous protection against cocirculating distinct pathogens such as Lassa virus or important arbovirus infections. The model here was chosen because of the common well-defined lethal hamster model for ZEBOV and ANDV to study protective efficacy, but efficacy testing in NHPs needs to be done to confirm the concept. In the short term we will generate multivalent VSV-based vaccine vectors for rare emerging pathogens with overlapping endemic areas such as filoviruses, arenaviruses, and certain bunyaviruses. In the long term we will focus on multivalent vaccine approaches that combine rare emerging pathogens, such as filoviruses, with important regional infectious disease problems, such as malaria or arboviral infections. Success here might also help to gain better acceptance for filovirus vaccines, which are still controversially discussed in regard to their utility and applicability. (10 5 PFU) of (A) VSVDG/Dual or (B ) VSVDG/ZEBOV, groups of 3 hamsters were euthanized, and blood and tissue samples were collected for viremia levels and tissue titers. The following organs were analyzed: lung, liver, spleen, mesenteric lymph node (MLN), inguinal lymph node (ILN), cervical lymph node (CLN), and axillary lymph node (ALN). Virus titers are shown as TCID 50 with standard deviation (n 5 3). Student t test was performed between VSVDG/Dual and VSVDG/ZEBOV. * P , .05; ** P , .01.
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